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Summary
The protozoan parasiteNeospora caninum is a major pathogen of cattle and dogs, being a signi¢cant cause of abor-
tion in cattle in many countries. It is one of the most e⁄ciently transmitted parasites, with up to 90% of cattle
infected in some herds. The pathogenesis of abortion due to Neospora is complex and only partially understood.
Losses occur after a primary infection during pregnancy but more commonly as the result of recrudescence of a
persistent infection during pregnancy. Parasitaemia is followed by invasion of the placenta and fetus. It is sug-
gested that abortion occurs when primary parasite-induced placental damage jeopardises fetal survival directly
or causes release of maternal prostaglandins that in turn cause luteolysis and abortion. Fetal damage may also
occur due to primary tissue damage caused by the multiplication of N. caninum in the fetus or due to insu⁄cient
oxygen/nutrition, secondary to placental damage. In addition, maternal immune expulsion of the fetusmayoccur
associated with maternal placental in£ammation and the release of maternal pro-in£ammatory cytokines in the
placenta.Thus N. caninum is a primary pathogen capable of causing abortion either through maternal placental
in£ammation, maternal and fetal placental necrosis, fetal damage, or a combination of all three.The question of
how N. caninum kills the fetus exposes the complex and ¢nely balanced biological processes that have evolved to
permit bovine and other mammalian pregnancies to occur. De¢ning these immunological mechanisms will shed
light on potential methods of control of bovine neosporosis and enrich our understanding of the continuity of
mammalian and protozoal survival.

r 2006 Elsevier Ltd. All rights reserved.
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Introduction

Neospora caninum is an intracellular protozoan closely
related toToxoplasmagondii. It was ¢rst described in dogs
in 1984 (Bjerka� s et al., 1984) and later in calves with
myeloencephalitis (Parish et al., 1987; O’Toole and Jef-
frey, 1987), but was not isolated and named until 1988
(Dubey et al.,1988a, b). It may cause serious clinical ill-
ness in dogs and abortion in cattle and occasionally
also in goats, sheep, deer, rhinoceros, llamas and alpa-
cas. In horses, clinical illness has been associated with
the closely related Neospora hughesi (Marsh et al., 1995;
Dubey et al., 2002). N. caninum has been isolated from
cattle (Table 1), dogs (Dubey et al., 1988b,1998b,2004;
Hay et al., 1990; Cuddon et al., 1992; Barber et al., 1995;
Marsh et al., 1995; Peters et al., 2000; Gondim et al.,
2001), sheep (Koyama et al., 2001), water bu¡aloes (Ro-
drigues et al., 2004), and thewhite-tailed deer (Gondim
et al., 2005;Vianna et al., 2005). Antibodies to the para-
site have also been reported in raccoons, camels, pigs,
horses, cats, foxes, coyotes, and other wild animals
(Dubey, 2003a). Primates have been infected experi-
mentally, but evidence of N. caninum infection in hu-
mans is lacking. The morphology of N. caninum in
di¡erent hosts (Dubey et al., 2002) and its biology in a
Table
Neospora caninum is

Country Strain So

Australia NC-Nowra Calf,7
Italy NC-PVI Calf, 45
Italy NC-PGI Calf, 8-m
Japan JPA-1 C
Japan BT-3 Adu
Korea KBA-1 Calf,1
Korea KBA-2 Fe
Malaysia Nc-MalB1 C
New Zealand NcNZ1 C
New Zealand NcNZ 2 Calf, 2
New Zealand NcNZ 3 Stillb
Portugal NC-Porto1 Fe
Spain NC-SP-1 Fe
Sweden NC-SweB1 Stillb
UK NC-LivB1 Stillb
UK NC-LivB2 Fe
USA BPA-1 Fe
USA BPA-2 Fe
USA BPA-3 C
USA BPA-4 C
USA NC-Beef C
USA NC-Illinois C

�Clinical case.
number of animals have been described (Dubey and
Lindsay,1996; Dubey, 2003a,b).This review focuses on
the pathologyandpathogenesis of neosporosis in cattle.
N. caninum: Life Cycle and Infectious Stages

N. caninum has a heteroxenous life cycle. Dogs (Canis fa-
miliaris) and coyotes (Canis latrans) are the only recog-
nized de¢nitive hosts for N. caninum (McAllister et al.,
1998; Gondim et al., 2004b). Cattle and awide range of
other warm-blooded animals can act as intermediate
hosts. There are three infectious stages of the parasite:
tachyzoites, bradyzoites, and sporozoites.
Tachyzoites and bradyzoites (Fig. 1) occur in tissues

of infected hosts (intermediate and de¢nitive) whereas
sporozoites are present in oocysts that are excreted in
the faeces of the de¢nitive host.Tachyzoites (Fig.1A^C)
are lunate-shaped,measure approximately 2�6mmand
have a central nucleus but lack amylopectin granules
(unlike bradyzoites). They divide rapidly within cells
and may infect many cell types including neural cells,
vascular endothelial cells, myocytes, hepatocytes, renal
cells, alveolar macrophages, and placental trophoblasts
(Barr et al.,1991a, b; Dubey et al., 2002).
1
olates from cattel

urce Reference

day old Miller et al. (2002)
day old Magnino et al. (1999,2000)
onth old Fioretti et al. (2000)

alf� Yamane et al. (1997)
lt cow Sawada et al. (2000)
day old Kim et al. (1998a, 2000)
tus Kim et al. (1998b, 2000)
alf� Cheah et al. (2004)
ow Okeoma et al. (2004b)
day old Okeoma et al. (2004b)
orn calf Okeoma et al. (2004b)
tus Canada et al. (2002)
tus Canada et al. (2004)
orn calf Stenlund et al. (1997)
orn calf Davison et al. (1999b)
tus Trees andWilliams (2000)
tus Conrad et al. (1993)
tus Conrad et al. (1993)
alf� Barr et al. (1993)
alf� Barr et al. (1993)
alf� McAllister et al. (1998, 2000)
alf� Gondim et al. (2002)
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Fig.1. A^H.N. caninum tachyzoites (A^C) and tissue cysts (D^H) as seen in sections of brain and spinal cord of cattle. (A) A group of tachy-
zoites apparently free in thebrain of a fetus. Note dividing tachyzoites (arrows). (B) Extracellular crescentic forms (arrows), rarely seen
in sections. (C) A large group of apparently intracellular tachyzoites (arrow). (D^G) Small tissue cysts (arrows) with varying thick-
ness of the cyst wall inbrains of aborted fetuses. (H) Athick walled (arrow) tissue cyst within a neuron in the spinal cord of a 3-day old
calf. HE.�600.

Pathogenesis of Bovine Neosporosis 269
Bradyzoites are slowly replicating encysted stages of
the parasite.Tissue cysts may vary considerably in size,
depending on the number of bradyzoites within them
(Fig. 1 D^H). In dogs tissue cysts up to 107 mm in dia-
meter with a cyst wall up to 4 mm thick have been re-
corded (Dubey et al., 2002). In bovine fetuses and
congenitally infected calves (Fig. 1), tissue cysts are
found in the brain and spinal cord and are rarely more
than 50 mm in diameter with a cyst wall usually less
than 2.5 mm thick (Dubey et al., 1989; Barr et al.,
1991a, b). A few thin-walled tissue cysts have been re-
ported in skeletal muscles of two naturally infected
calves aged 2 days (Peters et al., 2001). A de¢nitive car-
nivore host can acquire the infectionby ingestion of tis-
sues containing tissue cysts. Bradyzoites are slender and
measure approximately 6.5�1.5 mm (Dubey et al.,
2004), have a terminally located nucleus, and contain
a few amylopectin granules that stain red with the per-
iodic acid Schi¡ (PAS) reaction. A single tissue cyst
(11�9 mm) was found (Table 2) in the brain of a fetus
32 days after inoculation of the dam with N. caninum

(Dubey et al., 1992b). A tissue-cyst-like structure was
also described in a histopathological section of brain
from a fetus 14 days after infection of the dam (Macal-
dowie et al., 2004). In tissue cysts, however, it is di⁄cult
to identify the stage of the parasite as bradyzoites or ta-
chyzoites in haematoxylin and eosin (HE)-stained sec-
tions, because in some cases Neospora can form large
groups of tachyzoites while in others the thickness of
the tissue cyst wall may be thin and di⁄cult to identify
(Dubey et al., 2002). Bradyzoites canbe de¢nitively dis-
tinguished from tachyzoites by immunohistochemical
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labelling with a bradyzoite-speci¢c (BAG-1) antibody
(McAllister et al., 1996a). It is generally believed that
the parasite persists as the bradyzoite stage (tissue
cysts) in the tissues of adult cattle, although tissue cysts
have not yet been observed in histological sections of
naturally infected adult cattle. However, N. caninum
has been isolated from the brains of two clinically nor-
mal cows that had produced infected progeny (Sawada
et al., 2000; Okeoma et al., 2004b).
There is increasing evidence that placental tissues

from naturally infected cows may be an important
source of infection for dogs.N. caninumwas consistently
isolated from 20-g samples of placentas from three
naturally infected cows that had delivered nine healthy
but infected calves in three consecutive pregnancies
(Fioretti et al., 2003), and N. caninum oocysts were shed
by dogs fed naturally infected placentas (Dijkstra et al.,
2001b). The former study con¢rms that the parasite
may occur in the placenta and the latter suggests that
it may be present as the bradyzoite stage. However,
further research is needed to con¢rm this and to under-
stand the factors that might in£uence the parasitic load
and its viability.These factors are of considerable epide-
miological signi¢cance, bearing in mind the amount of
tissue (measured in kilograms) in a bovine placenta
and the fact that carnivores often have easy access to
placental tissues.
N. caninum oocysts, approximately10�12 mm, are ex-

creted in the unsporulated form in canine faeces. Spor-
ulation then occurs so that each oocyst contains two
sporocysts, each of which contains four sporozoites, in-
dividually 6.5�2 mm (Lindsay et al.,1999). Experimen-
tally, dogs have shed oocysts after ingesting naturally
infected tissues from cattle (Dijkstra et al., 2001b), water
bu¡alo (Rodrigues et al., 2004) and white-tailed deer
(Gondim et al., 2005), but to date N. caninum oocysts
havebeen identi¢ed in the faeces of only a few naturally
infected dogs (Basso et al., 2001a; S� lapeta et al., 2002;
McGarry et al., 2003). Currently, little is known of the
frequency of sheddingby canids ofN. caninum oocysts in
nature and of their viability, although dogs were shown
by McGarry et al. (2003) to shed oocysts on more than
one occasion. Seroepidemiological data also point to
the importance of the dog in the life cycle ofN. caninum
(PareŁ et al.,1998; Sawada et al.,1998; Bartels et al.,1999;
Mainar-Jaime et al., 1999; Ould-Amrouche et al., 1999;
Wouda et al., 1999b; Basso et al., 2001b; de Souza et al.,
2002; Dijkstra et al., 2002b; Schares et al., 2004; Hobson
et al., 2005; Rinaldi et al., 2005).The schizogonic and ga-
metogenic stages that are presumed to precede the for-
mation of oocysts in the intestines of dogs have not yet
been observed, although schizont-like stages have been
reported in cell cultures seeded with bradyzoites iso-
lated from the brains of naturally infected dogs (Dubey
et al., 2004)
Transmission of Infection

N. caninum is transmitted very e⁄ciently in cattle. Both
horizontal and vertical transmission routes play an im-
portant role in infection andare vital for the survival of
the parasite. Horizontal transmission occurs when cat-
tle ingest sporulated N. caninum oocysts.Vertical trans-
mission is responsible for the spread of infection from a
persistently infected dam to her o¡spring during preg-
nancy (Fig. 2). Postnatal transmission and congenital
transmission are alternative terms used in the literature
for the horizontal and vertical infection routes, respec-
tively. Recently, the terms exogenous transplacental
transmission and endogenous transplacental transmis-
sion have been proposed to describe more precisely the
origin and route of infection of the fetus (Trees andWil-
liams, 2005). Exogenous transplacental transmisson oc-
curs after a primary, oocyst-derived, infection of a
pregnant dam, while endogenous transplacental trans-
mission occurs in apersistently infected damafter reac-
tivation (recrudescence) of the infection during
pregnancy (Fig. 2). Vertical (endogenous transplacen-
tal) transmissionmay leadto abortionbut in themajor-
ity of cases a healthy, congenitally infected calf is born
(PareŁ et al., 1996; Anderson et al., 1997; Schares et al.,
1998; Davison et al., 1999a).Vertical transmission con-
tributes signi¢cantly to the persistence ofN. caninum in-
fection in a herd by propagating the infection to
successive generations (Bjoº rkman et al.,1996; Anderson
et al.,1997; Schares et al.,1998;Wouda et al.,1998). Cows
may remain infectedwithN. caninum for life (Trees et al.,
1999) and may transmit the infection to their o¡spring
in several consecutive pregnancies (Fioretti et al., 2003)
or intermittently (Boulton et al.,1995;Wouda et al.,1998;
Guy et al., 2001). Detected rates of congenital infection
vary, with reports of 40.7% (Pan et al., 2004),44% (Ber-
geron et al., 2000),63.7% (Romero and Frankena,2003),
73% (Dijkstra et al., 2003), 81% (PareŁ et al.,1996), 85%
(Bjoº rkman et al., 2003), 93% (Schares et al., 1998), and
95% (Davison et al.,1999a). In two studies the congeni-
tal infection rate decreased with the increasing parity
of the dam, suggesting that cows eventually develop a
degree of immunity that prevents endogenous trans-
placental transmission (Romero et al., 2002; Dijkstra
et al., 2003). In the study by Romero et al. (2002) of 20
Costa Rican dairy herds, the daughters born to dams
with six or more parturitions had a signi¢cantly de-
creased probability of being seropositive as compared
with daughters born to dams with one or two parturi-
tions. In the other study, Dijkstra et al. (2003) analyzed
500 damçdaughter pairs in 21Dutch dairy herds with
a history of neosporosis and discovered a congenital in-
fection rate of 80% in heifers, 71% in second parity
cows, 67% in third parity cows and 66% in fourth par-
ity and older cows (Dijkstra et al., 2003).
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Fig.2. Transmission of bovine neosporosis. Oocysts are producedby the canine de¢nitive host and their subsequent ingestionby a susceptible
pregnant cow leads to infection of the fetus (exogenous transplacental transmission). Liveborn infected heifer calves would be ex-
pected to remain infected into adulthood when they, in turn, may pass infection to their fetus (endogenous transplacental transmis-
sion). Spread ofN. caninum in this secondway is the principal route whereby the parasite is propagated in a herd.
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Despite the e⁄ciency of vertical transmission, it is
evident from theoretical modelling that infection with
N. caninum cannot be sustained in cattle herds without
horizontal transmission (French et al.,1999). Moreover,
epidemiological studies and ¢eld observations are pro-
viding increasing evidence for the occurrence of hori-
zontal infection in cattle. Important observations in
this respect are (1) the pro¢le of a given outbreak of N.
caninum-associated abortions that would suggest a
point-source exposure (Yaeger et al., 1994; McAllister
et al., 1996a, 2000; Sager et al., 2005), (2) an increasing
sero-positivity with age (Dyer et al., 2000) and (3) the
lack of an association between the seropositivity of
dams and daughters in infected herds (Thurmond
et al., 1997; Mainar-Jaime et al., 1999; Waldner et al.,
1999; Dyer et al., 2000; Dijkstra et al., 2001a).The latter
has been clearly demonstrated in herds facing abortion
epidemics (Thurmond et al.,1997; Dijkstra et al., 2001a).
In the Netherlands remarkable di¡erences in seropre-
valence were found between age groups in herds with
N. caninum-associated abortions (Dijkstra et al., 2001a).
Animals in seropositive age groups had either serone-
gative dams or seronegative o¡spring. The ¢rst situa-
tion is indicative of horizontal infection of the
daughters, and the second situation of horizontal infec-
tion of the dams, after the birth of their seronegative
daughters (Dijkstra et al., 2001a). Reported di¡erences
in serological response between herds with endemic
and epidemic N. caninum-associated abortions may re-
£ect the mode of infection, i.e., vertical infection in en-
demic cases and horizontal infection in epidemic cases
(Schares et al., 1999). For example, when an avidity-
ELISA (Bjoº rkman et al., 1999) was used to analyse a
high rate of seroconversion in a dairy herd with no ob-
vious increase of abortions, the results showed that
most seropositive cows had low avidities, suggesting a
recent infection of the herd (Dijkstra et al., 2002a).Two
other recent studies found evidence of continuous hori-
zontal transmission ofN. caninum in cattle herds follow-
ing a point-source infection (Dijkstra et al., 2002a;
Bjoº rkman et al., 2003). In several other studies there
was a low incidence of seroconversion in endemically
infected herds, suggesting a low level of horizontal in-
fection (PareŁ et al.,1996,1997; Schares et al.,1998;Wouda
et al., 1998; Davison et al., 1999a; Hietala and Thur-
mond,1999).
At present it appears that cow-to-cow transmission

of N. caninum does not occur. For example, in one study
25 heifers, seronegative for N. caninum, were housed
frombirth with 25 heifers, seropositive for the parasite,
and their progeny were monitored serologically for
N. caninum infection.The seronegative heifers remained
seronegative and gave birth to calves not infected with
N. caninumwhile the seropositive heifers remained clini-
cally normal but gave birth to congenitally infected
calves. Seven of the congenitally infected calves (four
of which were recumbent) were subjected to necropsy,
and all showed histological evidence of N. caninum
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infection (Anderson et al., 1997). Theoretically, N. cani-
num may be excreted in milk or uterine discharges of
infected cattle. Lactogenic transmission of tachyzoites
or ingestion of fetal membranes or uterine £uids con-
taining tachyzoites, may contribute to such infection
(Schares et al., 1998; Uggla et al., 1998; Davison et al.,
2001), but it would currently seem that these routes are
of little importance.
It is unlikely thatN. caninum is transmitted venereally

or by embryo transfer in cattle, and embryo transfer in
particular was recommended as a method of control of
endogenous transplacental transmission by Baillar-
geon et al. (2001); in this important study, infectionwith
N. caninum could not be demonstrated in any of 70 fe-
tuses or calves produced by seronegative cows that had
received embryos from seropositive donors, whereas
¢ve of six calves resulting from embryos transferred
from seronegative donors to seropositive recipients
were infected with N. caninum. Landmann et al. (2002)
con¢rmed these ¢ndings and showed that commer-
cially used embryo transfer procedures also prevented
transfer of N. caninum from seropositive cows to serone-
gative recipients. Furthermore, bovine embryos ex-
posed to N. caninum tachyzoites before implantation
appeared to be resistant to invasion by the parasite
(Bielanski et al., 2002). Although N. caninum DNAwas
found in the semen of naturally exposed bulls (Orte-
ga-Mora et al., 2003; Caetano-da-Silva et al., 2004; Ferre
et al., 2005), the results suggest that viable organisms oc-
curred infrequently and, if present, were few in num-
ber. The current view is that venereal transmission of
N. caninum in cattle is of little importance.
Clinical Infection

Abortion is the main clinical manifestation of bovine
neosporosis in both dairy and beef cattle. Fetuses dying
in utero between 3 and 8 months of gestation are usually
expelled showing moderate autolysis, but fetuses dying
before ¢ve months’ gestation may be mummi¢ed and
retained in the uterus for several months and those dy-
ing at an early stage of gestation may be reabsorbed,
with repeat breeding as a consequence (Anderson
et al.,1991; Barr et al.,1991a; GonzaŁ les et al,1999;Morales
et al., 2001; Sager et al., 2001; Moore et al., 2002). Abor-
tions may be epidemic or endemic. In some herd out-
breaks as many as 33% of dairy cows abort over just a
few months (Thilsted and Dubey,1989;Thornton et al.,
1994;Yaeger et al.,1994;McAllister et al.,1996b;Moen et
al.,1998;Wouda et al.,1999a;McAllister et al., 2000; Jen-
kins et al., 2000; Dijkstra et al., 2001a; Schares et al.,
2002). Abortions have been de¢ned as epidemic if more
than 10% or 12.5% of cows at risk abort within 6^8
weeks (Wouda et al.,1999a; Schares et al., 2002). A small
proportion (o5%) of cows may have repeated abor-
tion due to neosporosis (Anderson et al.,1995).
Several studies produced evidence that a recent hor-

izontal infection preceded an outbreak of abortions
(McAllister et al., 2000; Dijkstra et al., 2002b; Schares
et al., 2002) In another case, however, a horizontal in-
fection in a dairy herd did not result in an increased in-
cidence of abortion (Dijkstra et al., 2002a). Was this
herd infected with a strain of N. caninum of low viru-
lence? The incidence of subclinical horizontal infec-
tions is unknown.
Seropositive dairy and beef cattle are more likely

than seronegative cows to abort (PareŁ et al.,1997;Thur-
mond and Hietala,1997; Moen et al.,1998;Wouda et al.,
1998; Davison et al.,1999a; Jensen et al.,1999; Atkinson
et al., 2000; Pereira-Bueno et al., 2000; Corbellini et al.,
2002; Hernandez et al., 2002; Pfei¡er et al., 2002). How-
ever, up to 95% of calves born to seropositive damswill
be congenitally infected and clinically normal (PareŁ
et al.,1996).While vertical transmission is in generalmore
likely to occur in younger than older cows (Thurmond
and Hietala, 1997; Wouda et al., 1998; Dijkstra et al.,
2003), this is not always the case (PareŁ et al.,1996,1997).
Stenlund et al. (1999) followed £uctuations of antibo-

diesbefore, during, andafter parturition in18 naturally
infected heifers in a Swedish dairy herd. Of these, 13
cows were followed during the second pregnancy. Five
pregnancies ended in abortion and two in stillbirth.
Three of the ¢ve cows that aborted did so during the
¢rst pregnancy and two aborted during the second
pregnancy. In general, antibody titres were higher in
cows that aborted than in those that did not.This pat-
tern of antibody rise was the same in both groups of
cows. Although pregnancy was not synchronized, the
antibody titres peaked 4^5 months before parturition
and then declined from 2 months after parturition in
all 18 cows, suggesting reactivation of latent infection
at mid-pregnancy (Stenlund et al.,1999).
Quintanilla-Gonzalo et al. (2000) and Pereira-Bueno

et al. (2000) made similar observations in Spain. They
studied monthly £uctuations of antibody titres during
pregnancy in 32 seropositive cows,10 of which aborted.
Therewas an increase in antibody titres during the sec-
ond trimester; this rise in titre was more prominent in
cows that went on to abort than in those that calved
normally.
A rise in antibody titre at 6^7.5 months of gestation

reported by PareŁ et al. (1996) and by Dannatt et al.
(1995), may havebeen related to a higher antigen stimu-
lus from multiplication of the parasite in the placenta.
Similar observations were made by Guy et al. (2001) in
nine naturally infected cows, one of which aborted aN.
caninum-infected fetus at 124 days of gestation, the fetus
having been alive at 118 days of gestation. Five of
the cows gave birth to live N. caninum-infected calves
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without clinical signs, and three cows gave birth to un-
infected calves. Antibodies peaked a few days before
abortion in the cow that aborted, and between155 and
250 days gestation in the ¢ve cows that gave birth to N.
caninum-infected calves. In the three cows that gave
birth to uninfected calves, there was no change in anti-
body values during gestation. Attempts to detect para-
sitaemia by polymerase chain reaction (PCR), and to
detect low avidity antibodies by an avidity-ELISA,
were unsuccessful (Guy et al., 2001). Other than a rise
in IgG antibodies, no parameter examined was indica-
tive of congenital infection in persistently infected
cows. In a more recent study of vertical transmission
in naturally infected cattle, maternal parasite-speci¢c
IgG2 antibodies rose in the second half of pregnancy
(Andrianarivo et al., 2005); not only did high titres of
speci¢c precolostral antibody in the live calves con¢rm
transmission of infection but all of the live full-term
calves had histopathological lesions consistent with in-
fectionwithN. caninum infection.
Rarely, neurological signs occur in congenitally in-

fected calves less than 1 month old. Such calves may
have abelowaverage birthweight andbe unable to rise.
The hind limbs or forelimbs, or both, may be £exed or
hyper-extended and neurological examination may re-
veal ataxia, decreased patellar re£exes, and a loss of
conscious proprioception. Exophthalmia or an asym-
metrical appearance of the eyes has been reported and
occasionally birth defects have included scoliosis, hy-
drocephalus anda narrowing of the spinal cord (Parish
et al., 1987; O’Toole and Je¡rey, 1987; Dubey et al.,
1990a,1998a; Barr et al., 1993; Dubey and de Lahunta,
1993; Bryan et al.,1994; Peters et al., 2001).
Biphasic peaks of fever, observed in closely moni-

tored cows inoculated with N. caninum (Maley et al.,
2003; Macaldowie et al., 2004) have not been recorded
in naturally infected cattle. Other than fever, all ex-
perimentally infected cows (Table 2) and newborn
calves (Dubey et al., 1996) inoculated with large doses
of N. caninum tachyzoites appear to remain clinically
normal.
Pathogenesis

Bovine neosporosis is mainly a disease of the placenta
and fetus, initiated following a maternal parasitaemia,
triggered either as the result of a primary (exogenous)
maternal infection or following recrudescence of a per-
sistent (endogenous) infection during pregnancy. Be-
cause the parasite is transmitted across the placenta
very e⁄ciently and the majority of calves infected in

utero are born healthy, it has been questioned whether
the parasite is a primary cause of abortion or an oppor-
tunistic invader (Thurmond et al.,1997,1999). Evidence
presented below shows that N. caninum is a primary
cause of abortion and that the pathogenesis of bovine
neosporosis is complex.

Exogenous Transplacental Transmission

In a primary infection of a cow resulting from the in-
gestion of sporulated N. caninum oocysts (de Marez et
al., 1999; Trees et al., 2002; Gondim et al., 2004a), it is
likely that the oocysts excyst in the small intestine, each
releasing eight sporozoites, as in ovine toxoplasmosis
(Buxton, 1998). The sporozoites then parasitise the in-
testinal epithelium, transform into tachyzoites and un-
dergo a phase of multiplication, possibly in the
mesenteric lymph nodes. From here, tachyzoites are re-
leased into the blood; it is not known to what extent
they are intracellular or free. Okeoma et al. (2004a) de-
monstratedN. caninumDNA in the leucocyte fraction of
blood from naturally infected cattle. The resulting
parasitaemia leads to dissemination of N. caninum

throughout the body, including the gravid uterus. Ex-
perimentally the parasitaemia is di⁄cult to detect, pre-
sumably because it is short-lived or pulsatile, or both
(Maley et al., 2003; Macaldowie et al., 2004).

Endogenous Transplacental Transmission

It is now ¢rmly established that endogenous transpla-
cental transmission of N. caninum is the most common
mode of infection in cattle (Bjoº rkman et al., 1996; An-
derson et al., 1997). Also seropositive cows are more
likely than those that are seronegative to abort (Thur-
mond et al., 1997; Moen et al., 1998;Wouda et al., 1998;
Davison et al.,1999a).These observations strongly sug-
gest reactivation of an established persistent infection,
possibly triggered by the ‘‘down regulation’’ of cell-
mediated immunity that occurs around mid-gestation
(Innes et al., 2001, 2002, 2005). The evidence indicates
that in persistently infectedcattleN. caninum is con¢ned
to the central nervous system (CNS) and skeletal mus-
cle (Peters et al., 2001;Schares et al., 2001), presumably in
the form of bradyzoites within tissue cysts (Ho et al.,
1997; Sawada et al., 2000; Okeoma et al., 2004b), the
parasite being in equilibrium with the dam’s immune
system. In human toxoplasmosis there is ample evi-
dence to show that if host immunity is modi¢ed, a per-
sistent infection may become reactivated and cause
acute clinical illness (Wreghitt andJoynson, 2001). It is
also of interest that the majority of such infections are
caused byType IIToxoplasma gondii, which, may induce
a greater tissue cyst load than does Type I or III, and
thus be more likely to cause clinical illness if host im-
munity is altered (Howe and Sibley, 1995). Little is
known of the characteristics of N. caninum prevalent in
infected but clinically healthy cattle, and in diseased
cattle (Table 1); both genetic and biological diversity
have, however, been demonstrated for some isolates
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(Schock et al., 2001; Okeoma et al., 2004b). The data
summarized in Table 2 indicate that both the canine
and bovine isolates of N. caninum are capable of indu-
cing disease in the bovine fetus.
Non-pregnant cattle, experimentally infected with

N. caninum, do not develop signi¢cant clinical disease.
The parasite is controlled largely by cell-mediated im-
mune (CMI) mechanisms (Marks et al, 1998; Innes
et al., 2000; Bartley et al., 2004) with cytotoxicT lympho-
cytes likely to have a signi¢cant protective role, demon-
strable by the killing of autologous N. caninum-infected
cells by CD4+ cytotoxic T lymphocytes, a process
mediated through aperforin/granzyme pathway (Stas-
ka et al., 2003).This degree of protection is carried into
the early stage of pregnancy. At midgestation however,
immunity appears to be modi¢ed, with in-vitro tests
showing a down-regulation of cellular responses to mi-
togen, a reduction in cell proliferation in response to
speci¢cN. caninum antigen, and a corresponding reduc-
tion in interferon (IFN)g production (Innes et al., 2001),
suggesting that pregnancy allows reactivation of tissue
cysts ofN. caninum leading to the release of bradyzoites.
These e¡ects then gradually return to pre-pregnancy
values through the rest of pregnancy. It has also been
suggested that endogenous transplacental transmission
may be more likely to occur in cattle that were them-
selves infected in utero (McAllister, 2001; Innes et al.,
2002;2005). It is not knownwhether this is because they
¢rst encountered the parasite as fetuses, and as a result
developed a less complete immunity to it than did cat-
tle undergoing a primary infection when adult. As
noted above, endogenous transplacental transmission
rates may decrease with increasing parity, suggesting
that initial immunity in the congenitally infected
dam was only partly e¡ective. There is no evidence,
to date, to suggest that di¡erent types of N. caninum
are prone to be associated with one or other mode of
transmission.
How and Why does Abortion Occur?

The answer to this question is not known, but a number
of hypotheses have been advanced. Following a parasi-
taemia,N. caninum is able to establish itself in themater-
nal caruncular septum (Maley et al., unpublished data)
before crossing to the fetal placental villus (Maley et al.,
2003; Macaldowie et al., 2004). For abortion to occur,
the fetus or its placenta has to be so damaged that it is
no longer viable, and several factors may interact to in-
£uence this. Primary parasite-induced placental da-
mage may (1) jeopardise fetal survival directly, or (2)
cause release of maternal prostaglandins that in turn
cause luteolysis and abortion (Baetz et al.,1981; Foley et
al.,1993; Engeland et al.,1996). Fetal damagemay occur
(1) due to primary tissue damage caused by the multi-
plication of N. caninum in the fetus, or (2) due to insu⁄-
cient oxygen/nutrition, secondary to placental damage.
In addition, maternal immune expulsion of the fetus
may occur, associated with the release of maternal
pro-in£ammatory cytokines in the placenta. While
clearly all these proposed mechanisms are related in
oneway or another, one or more of themmaybe of par-
ticular importance in a given instance and all may be
in£uenced by the stage of gestation.
Placental Pathology and Stage of Gestation

A very young fetus will not have a su⁄ciently devel-
oped immune system to control parasite multiplication
in the tissues, whereas a near-term fetus will be better
equipped to limit parasite growth, limit the develop-
ment of lesions and favour the development of tissue
cysts and a persistent infection. The gestation period
in cattle is ca. 280 days, and the fetal immune system
develops progressively throughout, so that the calf is
immunologically competent at birth. During the ¢rst
third of pregnancy the fetus is particularly vulnerable,
when the thymus, spleen and peripheral lymph nodes
are ¢rst forming, but these tissues start to recognise
and respond to microorganisms in the middle third of
pregnancy (Osburn, 1986). For example, before 100
days gestation (dg), the bovine fetus is unable to recog-
nise a pathogen such as bovine virus diarrhoea virus
(BVDV) as being foreign (Nettleton and Entrican,
1995) and calves that survive infection at this stage are
born immunotolerant to the virus, being both persis-
tently infected with it as well as seronegative for it.
Around100^150 dg, the fetus starts to be able to mount
an immune response (Osburn,1986; Nettleton and En-
trican,1995) and after 150 dg, it becomes progressively
more competent at recognizing and responding in full
to various pathogens (Osburn, 1986). Thus, in the
¢rst trimester, the fetus is exceptionally vulnerable to
N. caninum infection, and is unlikely to survive. In the
middle thirdof pregnancy fetusesmaybe able tomount
an immune response to N. caninum infection (Andria-
narivo et al., 2001; Almeria et al., 2003; Bartley et al.,
2004; Innes et al., 2005), which may or may not be su⁄-
cient to save it. In the third trimester the fetus is capable
of an increasingly competent defence against the
pathogen, leading to survival. As the majority of in-
trauterine transmissions result in the birth of clinically
normal, infected calves, it is tempting to conclude that
transmission is particularly likely to occur later in ge-
station (Innes et al., 2005). In human toxoplasmosis,
transmission from mother to fetus occurs more readily
as pregnancy progresses, and this trend is inversely
proportional to the fetal damage that ensues; thus, in-
fection in early pregnancy is less likely to occur, but
when it does it is lethal for the fetus (Couvreur, 2001).
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The research summarized inTable 2 con¢rms that the
fetus is most vulnerable to N. caninum before the 95th
dayof pregnancy;most of the fetuses in cows inoculated
at the 70^95th day of pregnancy became infected and
died, whereas those inoculated later in pregnancy were
either not infected or were infected but born alive
(Table 2). Of particular interest are recent results
obtained by oral inoculation of pregnant cows with
oocysts (Table 2). Gondim et al. (2004a) studied neo-
sporosis in 19 beef cows inoculated orally with 1500 to
115 000N. caninum oocysts at 70^176 days of pregnancy.
Seventeen of the cows were killed for examination
65^91 days after receiving oocysts. Six cows were kept
until they aborted or calved. One cow aborted an auto-
lyzed N. caninum-infected fetus, 44 days after infection.
Two other live fetuses were found to be infected with
N. caninum. Two calves were healthy, but infected with
N. caninum. One cow had a stillborn calf; the calf had
mild non-suppurative encephalitis, but N. caninum

could not be demonstrated in the tissues.Thus, at least
¢ve of the 19 cows had transplacentally infected pro-
geny (fetuses or calves); N. caninum was demonstrated
histologically in two (one aborted fetus andonehealthy
calf), N. caninum DNAwas found by PCR in the brains
of all ¢ve (and in the placenta of the aborted fetus), and
the parasite was cultured in vitro from two (one live fe-
tus, one healthy calf). Although data are limited, this
important study indicates that the rate of transplacen-
tal infection increases with gestational age; three of
four cows had infected o¡spring when they were fed
oocysts at 162^176 days of pregnancy (Gondim et al.,
2004a).
Experimental infection. In six pregnant cattle inocu-

lated in early gestation, fetal death occurred in ¢ve
(Williams et al., 2000). In another experiment in which
eight cows were inoculated intravenously at 70 dg all
eight fetuses died, while in eight cows inoculated subcu-
taneously fetal mortality was 50% (Macaldowie et al.,
2004).While the intravenous route immediately creates
a parasitaemia, subcutaneous inoculation arguably
more closely models a natural primary infection as the
parasite is ‘‘processed’’ through a draining lymph node
before circulating in the blood. Cows inoculated intra-
venously later in gestation gave birth to live calves, all
with evidence of congenital N. caninum infection (Wil-
liams et al., 2000). Similarly in cattle inoculated subcu-
taneously at 140 dg (Maley et al., 2003) lesion were
shownto develop and then regress. In aparallel e xperi-
ment (Innes et al., 2001), that used the same inoculum,
cattle were inoculated by the same route at the same
stage of pregnancy, and allowed to proceed to calving.
These cows produced live calves that were congenitally
infectedwithN. caninum. In these two studies the subcu-
taneous inoculation of NC1 tachyzoites led to infection
of the fetus but not to fetal death.The transitory devel-
opment of placental lesions (Maley et al., 2003) there-
fore represents the mode whereby transmission of
infection frommother to fetus occurred, withmaternal
and fetal control of parasite multiplication, placental
necrosis that did not trigger abortion and maternal
and fetal in£ammation that resolved without precipi-
tating fetal death (Innes et al., 2005).
Placental Pathology and the Risk to the Fetus

In mammals, complex immunological mechanisms
have evolved to allow the dam to nurture a fetus that is
genetically a ‘‘foreign body’’ (allograft) rather than to
reject it (Entrican, 2002). In cattle, and other rumi-
nants, the placentation is cotyledonary and consists of
up to100 placentomes. Eachplacentome is composed of
a fetal placental cotyledon made up of a mass of villi
that sit within, and intimately interdigitate with, the
honeycomb structure of the maternal caruncle that
projects from the inner surface of the uterus (Noden
and de Lahunta,1985).The placenta is a dynamic tissue
that constantly grows and remodels itself throughout
gestation, with its initial, fairly simple villous/septal
structure developing into a highly complex unit with
secondary and tertiary branching of villi that sit within
equally complex septal crypts. Nutrients and oxygen
are transferred from mother to fetus across this inter-
face where local maternal immunity is modulated to
permit the dam to accommodate and nurture the de-
veloping ‘‘foreign’’ fetus. Furthermore, the placenta
plays an important role in the endocrinological control
of pregnancyby theproduction of progesterone and the
metabolism of prostaglandins (Reimers et al., 1985;
Thatcher et al., 2001; Kindahl et al., 2002).
A very precise maternal and fetal immunological

balance pertains in the placenta. Central to this process
are cytokines, soluble mediators secreted locally that
allow the producing cell to exert a powerful local e¡ect
on certain other cells of lymphoid and non-lymphoid
origin (Entrican, 2002). During pregnancy, maternal
immune responses in the placenta are modi¢ed to fa-
vour a micro-environment dominated by ‘‘bene¢cial’’
cytokines such as the haemopoietic cytokines (colony
stimulating factor-1 [CSF-1] and granulocyte-macro-
phage CSF [GM-CSF]), the regulatory cytokines
(transforming growth factor beta [TGF-b] and inter-
leukin-10 [IL-10]) and the Th2-type cytokines (inter-
leukins 4 and 5) (Entrican, 2002). Intracellular
pathogens, such as N. caninum, stimulate cell-mediated
immune responseswhich, in turn, invoke cytokines that
may be harmful to pregnancy such as theTh1-type (in-
£ammatory) cytokines, interferon gamma (IFN-g)
and interleukin-2 (IL-2) and the proin£ammatory cy-
tokine tumour necrosis factor-alpha (TNF-a)(Entri-
can, 2002). These, if present at all in the placenta, are
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at low concentrations, but if the stimulus from N. cani-

num infection is su⁄cient it is suggested that their pro-
duction will not be adequately suppressed by the
bene¢cial cytokines, thebalancewill tip in their favour,
and they will terminate pregnancy and trigger abor-
tion (Innes et al., 2002; Quinn et al., 2002). In some in-
stances, therefore, relatively small numbers of the
parasite, causing relatively little local damage, might
cause a very considerable e¡ect by locally eliciting cy-
tokines that endanger pregnancy. Thus while fatal for
the fetus, this bene¢ts the mother, allowing her to sur-
vive to breed again (Innes et al., 2005); indeed, N. cani-
num does not a¡ect the fertility of high-producing dairy
cows (Lopez-Gatius et al., 2005).
Similarly it has been suggested that placental infec-

tion and in£ammation may trigger prostaglandin-
induced luteolysis, causing premature uterine con-
traction and fetal expulsion (Baetz et al., 1981; Foley
et al.,1993; Engeland et al.,1996).To what extent the im-
mune expulsion described and prostaglandin-induced
luteolysis overlap or interact is not known; moreover,
whether the former will have more in£uence on infec-
tions earlier in gestation and the latter bemore in£uen-
tial later in gestation, is not known. Insu⁄cient oxygen
supply due to placental insu⁄ciency during late gesta-
Fig. 3. A^DHistological sections of placentomes from cows14 days after
with NC1N. caninum tachyzoites. (A) Note the in£ammation in th
zoites in a fetal placental villus (arrow). Immunohistochemistry.�
(� ) and maternal septal in£ammation and fetal villous necrosi
septum (� ) and fetal villus necrosis (arrows). HE.�50. (D) In
belled positively for mRNA for interferon gamma (arrows). In si
tion may trigger a fetal adrenocorticotrophic hormone
(ACTH) release and subsequent premature fetal adre-
nal stimulation. Increased concentrations of fetal corti-
sol may induce oestrogen and prostaglandin-F2a
secretion by the placenta, resulting in luteal regression
and decreasing placental progesterone secretion. This
mechanism may be responsible for late abortion or
premature birth of N. caninum-infected calves (M.A.M.
Taverne, pers. comm.).
Placental Pathology

In experimental infections the most severe lesions are
normally found in the placenta (and brain of the fetus)
(Table 2). Experiments have shown that when N. cani-

num invades cells in the bovine uterus, it causes focal
destruction by multiplying in both maternal (Maley
et al., unpublished data) and fetal tissue at thematerno-
fetal interface and elicits a largely non-suppurative in-
£ammatory response (Maley et al.,2003;Macaldowie et
al., 2004). The earliest lesions in cows inoculated with
tachyzoites at 70 dg gestation were seen 14 days later
(Macaldowie et al., 2004). They consisted of parasite
multiplication in fetal placental villi (Fig. 3A) with vil-
lous necrosis, sometimes with serum leakage between
intravenous (A,D) or 28 days after subcutaneous (B,C) inoculation
ematernal caruncular septum (� ) and numerousN. caninum tachy-
110 (B) Note thematernal in£ammation at the base of the caruncle

s (arrows). HE.�10. (C) In£ammation in the maternal caruncular
£ammation in the maternal caruncular septum, with many cells la-
tu hybridization.�50.
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Fig. 4. A,B. Histological section of fetal bovine brain (at 84 days ge-
station) 14 days after inoculation of the damwith NC1N. ca-
ninum tachyzoites. (A) Clusters of N. caninum (arrows) in the
pons. HE.�360. (B) N. caninum antigen in a focus of acute
necrosis in the midbrain. Immunohistochemistry.�120
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fetal villus and maternal septum, and non-suppurative
in£ammation in the maternal septa (Fig. 3C and D).
Preliminary analysis has shown that the in£ux of ma-
ternal in£ammatory cells was composed in large part
of CD4+, CD8+ and gdT-cells, and in-situ hybridiza-
tion showed a proportion of the cells in the in¢ltrate to
be capable of producing IFN-g (Fig. 3D) (Innes et al.,
2005; Maley et al., unpublished data). This lends sup-
port to the intriguing suggestion above that, in some
cases, fetal death is less a direct result of parasite repli-
cation andmore due to thematernal immune response,
triggered by the parasite (Innes et al., 2005). At this
early stage of gestation fetal in£ammation was largely
absent. In cows inoculated intravenously at 70 dg all fe-
tuses were lost after 14 days. In cows inoculated subcu-
taneously lesions were seen in only half the cows
infected. At 28 days after injection there was break-
down of the placentome with separation of fetal cotyle-
dons frommaternal caruncles (Macaldowie et al., 2004).
At later timepoints, autolysis of thematernal caruncular
tissues and the fetal elements of the placenta was found
to have been rapid andmaternal uterine tissues were re-
turning to normal, with re-epithelization of the resolved
caruncles. Descriptions of the natural disease in later in-
fections record that a non-suppurative placentitis may
also extend out into the intercotyledonary chorioallan-
tois (Otter et al., 1995) and, with time, varying degrees
of mineralization of the villous connective tissue may
take place (Shivaprasad et al., 1989; Barr et al., 1990,
1991a; Otter et al,1995; Bergeron et al., 2001).
Fetal Pathology

Coincidental with the onset of placental infection, the
parasite enters the fetal bloodstream and invades
further tissues, with a predilection for the CNS (Ma-
caldowie et al., 2004). Here, N. caninum is initially lo-
cated in and around blood vessels (Barr et al., 1991a;
Dubey et al.,1992b) and, in the younger fetus, its uncon-
trolled multiplication can cause lethal widespread
destruction of the neuropil, with little or no in£amma-
tion (Fig. 4A,B) (Ogino et al.,1992; Buxton et al., 2002;
W.Wouda, unpublished data). In older fetuses, better
able to respond to the parasite, multiplication is more
restricted, and necrosis is con¢ned to small foci sur-
rounded by a relatively intense fetal in£ammatory in-
¢ltrate containing microglia, reactive astrocytes and
cells of the monocyte and lymphoid series (Fig. 5A
to D)(Barr et al., 1994; Otter et al., 1995; Wouda et al.,
1997; Schock, et al.,2000); these foci maybecomeminer-
alized (Boulton et al.,1995; GonzaŁ les et al.,1999). Asso-
ciated mild meningitis may also be present. Aborted
fetuses infected with N. caninum have multifocal necro-
sis and widespread mononuclear in¢ltrations in many
tissues. Destruction of fetal cells and associated lym-
phoid in£ammation may occur in several tissues in-
cluding the heart (Fig. 6), skeletal muscle, lung and
liver (Anderson et al., 1991; Barr et al., 1991a; Wouda
et al.,1997). In some fetuses N. caninummay cause char-
acteristic lesions of in£ammation and necrosis, with de-
monstrable parasites, in tissues such as the liver and
heart, while in the brain focal leucomalacia, indicative
of fetal hypoxia just before birth, may be seen
(S. Scholes per. comm.). Thus, N. caninum is a primary
pathogen capable of causing abortion through mater-
nal placental in£ammation, maternal and fetal placen-
tal necrosis or fetal damage, or a combination of all
three (Table 2).

Further Discussion of the Pathology of Natural Infections

Grossly, infected fetuses may often be autolysed or
mummi¢ed, or both, but other macroscopic changes,
although rare, have been recorded in the heart, skeletal
muscle, and brain. In a fetus that was aborted at 7
months of gestation (Dubey et al.,1998a) there was hy-
drocephalus, associated with dilated lateral ventricles
and hypoplasia of the cerebellum and medulla. In a
further case the heart of a full-term stillborn calf was
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Fig. 5. A^D. Encephalomyelitis associated withN. caninum in naturally infected fetuses and calves. (A) Focal central necrosis with scattering
of mononuclear cells at the periphery. HE.�150. (B) Focal encephalitis. HE.�250. (C) A 6mm area of necrosis now occupied by
macrophages in the brain of a 4-week old calf. HE.�300. (D) Focal in£ammation, largely glial, in the spinal cord of a 3-day old calf.
HE.�450.
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enlarged (Dubey et al., 1990b); in yet another, pale
white foci were noted in cardiac and skeletal muscle,
and minute pale to dark foci of necrosis in the brain
(Fioretti et al., 2003). The latter authors describe focal
areas of discolouration in placental cotyledons. Micro-
scopic lesions in infected fetuses are degenerative or in-
£ammatory, or both, and may be found in a number
of tissues, but are most common in the CNS (Fig. 5),
heart (Fig. 6), skeletal muscle and liver, as well as the
placenta (Fig. 7) (Barr et al., 1990, 1991a; Anderson
et al.,1991; Nietfeld et al.,1992;Wouda et al. 1997; Dubey
et al.,1998a; Hattel et al.,1998; Helman et al.,1998; Mor-
ales et al., 2001; Boger and Hattel, 2003).
In a study of 82 fetuses in California, encephalitis

and myocarditis were seen in 100%, adrenalitis in
80%, myositis in 72%, nephritis in 66%, hepatitis in
62%, placentitis in 53% and pneumonia in 44%.The
in£ammatory in¢ltratewasmononuclear andprotozoa
were observed in 89% of these fetuses (Barr et al.,1990,
1991a). In a Dutch study of 80 aborted bovine fetuses
with con¢rmed neosporosis, the brain, heart and liver
were compared in respect of histopathological lesions
and the distribution ofN. caninum. Histopathological le-
sions were seen in all three tissues in 73 cases (91%). In
the remaining seven cases, lesions were seen in two of
the three tissues (Wouda et al.,1997).While any part of
the CNS may be a¡ected, in a study limited to six fe-
tuses lesions were found to occur more frequently in
the cerebral grey matter than in the medulla and cere-
bellum (Helman et al.,1998).
Encephalomyelitis was the predominant lesion in

calves born live but with overt or incipient clinical ill-
ness (Parish et al., 1987; O’Toole and Je¡rey,1987). In a
group of 20 such calves that were subjected to necropsy
by 2 weeks of age, encephalomyelitis was the predomi-
nant ¢nding (Barr et al., 1991b, 1993; Dubey and Lind-
say, 1996; Anderson et al., 1997; Peters et al., 2001).
Lesions were more obvious in the spinal cord than in
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Fig.6. A^D.Myocarditis associatedwithN. caninum infection in naturally infected bovine fetuses. (A) In¢ltration of mononuclear cells in the
myocardium of a fetus. HE.�150. (B) Severe epicardial myocarditis with necrosis (arrow) in a stillborn fetus. HE.�150. (C) Focal
necrosis and in¢ltration of mononuclear cells in the myocardium of a fetus. HE.�300. (D) A large group of intracellular tachyzoites
(arrow). It is rare to ¢ndwell preserved tachyzoites in bovine fetuses. HE.�600.
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the brain, being characterized by focal gliosis and peri-
vascular in¢ltrations of mononuclear cells.Tissue cysts,
rather than tachyzoites, were found in these calves and
extraneural lesions were not reported, except in the
skeletal muscles of two of them (Peters et al., 2001).
Myocardial lesions, which may be severe but are of-

ten masked by autolysis, typically consist of focal in¢l-
trationby mononuclear cells with minimal necrosis. In
a grossly a¡ected, stillborn calf, extensive myocarditis
(Fig.6B,C) was observed, together with necrosis of car-
diomyocytes and numerous N. caninum tachyzoites
throughout the heart. Only a few protozoa were found
in the brain (Dubey et al., 1990b). Hepatic lesions con-
sisted of periportal in¢ltrations of mononuclear cells as
well as foci of necrosis of variable size and number in
the parenchyma, and sometimes associated intrasinu-
soidal ¢brin thrombi (Barr et al., 1990; Wouda et al.,
1997). Periportal hepatitis and multifocal hepatocellu-
lar necrosis (but not muscular or neural lesions) were
more severe in epidemic than sporadic abortions (Wou-
da et al., 1997). In an atypical case of neosporosis (Du-
bey et al., 1992a) a 4-week-old calf that was clinically
normal at birth started to develop symptoms when
aged 2 weeks. At necropsy a severe non-suppurative en-
cephalitis was found, characterized by large areas of
necrosis, mononuclear cell perivascular cu¡s and sig-
ni¢cant groups of tachyzoites.There was also myositis,
nephritis and pneumonitis, with N. caninum tachyzoites
associated with the muscle lesion.
The number ofN. caninum organisms found inbovine

fetal tissues is typically low, even inwell-preserveddead
fetuses. The di⁄culty in ¢nding tachyzoites in routine
histological sections may be due in part to the patho-
genesis of placental lesions discussed above, with either
maternal immune ‘‘expulsion’’ or prostaglandin-in-
duced luteolysis causing premature uterine contrac-
tions and fetal expulsion before the parasite has
time to multiply to any great extent in the fetus.
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Fig.7. A^D.Necrosis and in£ammatory lesions inbovine fetuses. HE. (A) Periportal hepatitis. HE.�150. (B) Focal necrosis and hepatitis in a
5-month gestational age fetus. HE.�150. (C) Focal necrosis (arrows) in the lung of a 3-month gestational age fetus. HE.�150. (D)
Focal necrosis (arrows) in the placenta of the same fetus as in Fig. 6C. HE.�150.
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Histopathological lesions characteristic of neosporosis
may be found in several organs, of which the fetal brain
ismost consistently a¡ected. It is clear fromexperimen-
tal studies (Table 2) that thebrain is parasitizedearly in
the cycle.Tachyzoites multiplying in and around small
blood vessels in the brain initiate encephalitis (Barr
et al.,1991a; Dubey et al.,1992b) and it is likely that in a
proportion of these cases encephalitis kills the fetus.
It is of interest that viable N. caninum has rarely been
recovered in cell cultures seeded with tissues from
fetuses histologically proven to be infected with
N. caninum (Conrad et al., 1993, Table 1). In diagnostic
terms N. caninum is rarely found in tissues without le-
sions (Boger and Hattel, 2003) and immunohistochem-
istry is more reliable than conventional HE-stained
sections for demonstrating the parasite.
Conclusions

Within a very few years of N. caninum being ¢rst recog-
nized (Bjerka� s et al.,1984) it became apparent that this
protozoan parasite is a signi¢cant primary cause of bo-
vine abortion throughout the world. The parasite is
passed from mother to daughter with ease and in only
a minority of cases does it cause fetal death; when this
occurs, however, such losses are of considerable eco-
nomic signi¢cance to farmers. While endogenous
transplacental transmission is the principal mechan-
ism of parasite survival, the evolution ofN. caninum has
also resulted in oocysts remaining an essential compo-
nent in the cycle of events. Unravelling the circum-
stances that govern their production by canids remains
an urgent and important task for scientists and success
will allow the development of more informedmeasures
of control of bovine neosporosis. Control also requires a
thorough understanding of its pathogenesis. As
touched on above, the question of how N. caninum kills
the fetus exposes the complex and ¢nely balanced
biological processes that have evolved to permit
bovine and other mammalian pregnancies to occur.
De¢ning these immunological mechanisms will not
only shed light on potential methods of control of
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bovine neosporosis but will enrich our understanding of
the continuity of mammalian and protozoal survival.
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